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We report the first observation of an oscillatory photo-conductivity response at the cyclotron-
resonance harmonics in a non-degenerate 2D electron system formed on the free surface of liquid
helium. The dc conductivity oscillations are detected for electrons occupying the ground surface sub-
band. Their period is governed by the ratio of the microwave frequency to the cyclotron frequency.
Theoretical analysis of the photo-response in a strongly interacting electron system indicates that
the observation can be explained by an oscillatory correction to the electron distribution function
that appears for a large inelastic relaxation time because of photon-assisted scattering.
PACS numbers: 73.20.-r, 73.21.-b, 73.63.Hs, 78.20.Ls, 78.56.-a
Two-dimensional (2D) electrons in a perpendicular
magnetic field B populate equidistant Landau levels,
and, under certain conditions, can resonantly interact
with the microwave (MW) electric field of frequency ω.
Selection rules allow direct photon-induced transitions
only between adjacent states (n′ − n = ±1), as in the
cyclotron resonance (CR) at ωc → ω (ωc = eB/Mec is
the cyclotron frequency). However, photon-assisted scat-
tering of electrons from system disorder can lead to a
remarkable photo-response in electron transport at CR
harmonics (mωc = ω), where m = 2, 3, ... is an inte-
ger. Magneto-oscillations in the dc resistivity and con-
ductivity of a 2D electron gas discovered in high-mobility
GaAs/AlGaAs heterostructures [1–4] represent an out-
standing example of such a photo-response. An impor-
tant feature of these oscillations is that they are governed
by the ratio ω/ωc. In the vicinity of ω/ωc = m both
the resistivity and conductivity curves have asymmetri-
cal shape with minima near ω/ωc = m + 1/4. At low
temperatures and strong enough power, resistivity min-
ima evolve into zero-resistance states (ZRS).
Various theoretical mechanisms have been proposed to
explain these microwave-induced resistance oscillations
(MIRO) and ZRS (for a review see [5]), but the subject is
still under debate. For two most elaborated mechanisms
of MIRO proposed for semiconductor systems (”displace-
ment” [6, 7] and ”inelastic” [8, 9]), electron gas degen-
eracy is not a crucial point. Therefore, the same kind
of magneto-oscillations governed by ω/ωc potentially can
appear in a nondegenerate 2D system of surface electrons
(SEs) on liquid helium. A different type of microwave-
induced magnetoconductivity oscillations is observed in
this system [10, 11] when the inter-subband frequency
(∆2 −∆1)/h¯ = ω2,1 matches ω (here ∆1 and ∆2 are the
energies of the ground and first excited surface subbands,
respectively). This phenomenon was explained [12–14]
by nonequilibrium population of the second surface sub-
band which triggers quasi-elastic inter-subband scatter-
ing against or along the driving force, depending on the
relation between ∆2−∆1 and the Landau excitation en-
ergy mh¯ωc. It was found that oscillations vanished if ω
was substantially different from ω2,1, which means that
they are actually governed by the ratio ω2,1/ωc.
The displacement mechanism of MIRO is based on the
effect of the strong MW field on in-plane electron scat-
tering. A displacement of the electron orbit center X ′ −
X which follows from energy conservation for photon-
assisted scattering by impurities depends strongly on the
relation between h¯ω and h¯ωc. In the inelastic mecha-
nism, MIRO is caused by an oscillatory correction to the
electron distribution function which appears because of
photon-assisted scattering to high Landau levels (n′−n =
m) and a large inelastic relaxation time. Theoretical
analysis [15] indicates that for electrons on liquid helium,
the photon-assisted scattering, which is important for
both mechanisms, is weaker than it is in GaAs/AlGaAs
by the factor M∗e /Me ∼ 0.06, where M∗e is the effective
mass of electrons in GaAs/AlGaAs. Therefore, obser-
vation of MIRO in a single subband of SEs on liquid
helium requires significantly higher MW power. This ex-
plains why MIRO, governed by the ratio ω/ωc, was not
detected previously for electrons on liquid helium.
In this Letter, we report the first observation of ω/ωc-
periodic dc-magnetoconductivity oscillations induced by
the MW in the ground subband of a nondegenerate 2D
electron system on the surface of liquid 4He. In our
experiment, the MW electric field polarized in the 2D
plane is significantly enhanced by employing a high Q-
factor resonator. This allows us to reach the necessary
MW field sufficient to compensate for the reduction in
photon-assisted scattering of SEs caused by the free-
electron massMe and to produce a strong electron photo-
response at CR harmonics. Results obtained are com-
pared with outcomes of the displacement and inelastic
models of MIRO applied to the nondegenerate strongly
interacting 2D electron system on liquid helium.
The sketch of our experimental cell is shown in Fig. 1.
The important feature of our experimental method
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FIG. 1: (color online) Sketch of the experimental cell. White
lines show calculated electric field contours for TEM003 mode.
The pool of 2D electrons (not shown) is formed on the liq-
uid surface above electrodes C1 (central) and C2 (middle).
Further details are provided in the text.
is a semi-confocal Fabry-Perot resonator operating in
TEM003 mode [16]. The resonator is formed by two coax-
ial mirrors. The top spherical (radius of curvature 9 mm)
mirror M is made of high purity copper. The bottom flat
circular mirror (diameter 5.2 mm) is made of gold vapor-
ized onto a sapphire substrate and is divided into three
concentric electrodes C1, C2 and G by two gaps (width
0.01 mm) 1.5 and 2.13 mm from the center. Microwaves
are produced by a broad-band (75-110 GHz) source at
room temperature, passed through an attenuator and
a low-pass filter (40 dB rejection above 139GHz), and
guided into the cryostat. There, microwaves are coupled
from the waveguide to the resonator through an aperture
(diameter 1.3 mm) at the center of the mirror M. Below
1 K, TEM003 mode has a frequency of 88.52 GHz and the
quality factor Q ≈ 900. There are three nodes and four
antinodes of the electric field EMW between the mirrors.
Calculated contours of EMW are plotted in Fig. 1. The
fourth antinode, where EMW has the global maximum
value, is located about 1.0 mm from the flat mirror. The
waist of the Gaussian beam at this antinode is about
4.0 mm.
The 4He gas is condensed into the cell and the liquid
level is set between the mirrors. During condensation,
the resonant frequency of the Fabry-Perot cavity, which
is monitored by measuring the MW signal reflected from
the cavity, shifts due to a change in the dielectric con-
stant of the media filling the cavity. This allows us to
set the liquid level at the fourth antinode of EMW . Elec-
trons are produced by briefly heating a tungsten filament
F, while a positive bias is applied to electrodes C1 and
C2. The 2D electrons form a circular pool on the liquid
surface above the biased electrodes, and the areal density
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FIG. 2: (color online) σxx versus B for surface electrons in
the Fabry-Perot resonator. Data are taken at a fixed input
MW power, and for two electron densities ns = 2.8 × 10
7
(blue) and 1.7 × 107 cm−2 (red). Arrows indicate positions
of m = round (ω/ωc). Theoretical results obtained using the
inelastic model for the lowest ns are shown by the dashed line
(black).
can be approximately determined from the condition of
complete screening of the static electric field above the
charged surface [11]. After charging, a negative bias is
applied to the guard electrode G to prevent charge leak-
age into and from the pool. The diagonal dc conductivity
σxx of the 2D electron liquid is measured by a standard
capacitive coupling method [17] using electrodes C1 and
C2 as a Corbino disk. Conductivity values are extracted
from experimental data using a numerical procedure sim-
ilar to that described previously [11].
At T < 0.7K SEs are predominantly scattered by sur-
face excitations of liquid helium (ripplons). Ripplons rep-
resent a sort of 2D phonons with the capillary wave spec-
trum ωr,q =
√
α/ρq3/2 (here α and ρ are the surface ten-
sion and mass density of liquid helium respectively). The
electron-ripplon scattering is similar to usual electron-
phonon scattering in solids; it is described by the param-
eter Uq = Vr,qQqN
1/2
q , where Vr,q is the electron-ripplon
coupling [18], Q2q = h¯q/2ρωr,q, and Nq is the ripplon
distribution function. The momentum relaxation rate of
SEs is determined by quasi-elastic, one-ripplon scatter-
ing with long wavelength ripplons q ∼ 1/lB, which yields
Nq ≃ T/h¯ωr,q and h¯ωr,q ≪ Γn, where l2B = h¯c/eB, and
Γn is the Landau level broadening. Thus, under usual
conditions h¯ωc ≫ T and Γn ≪ T , nearly all electrons
occupy the lowest Landau level, which distinguishes SEs
on liquid helium from electrons in GaAs/AlGaAs.
Figure 2 shows σxx versus B for two values of the elec-
tron density ns. Data are taken at T = 0.56 K and
a fixed power of 2.95 mW measured at the output of
3the MW source. This corresponds to the power incident
on the resonator Pin ≈ 100 µW. Higher source output
power caused overheating of the refrigerator; therefore it
was avoided. Microwave frequency was adjusted to excite
resonant TEM003 mode. According to our estimations,
almost all incident microwave power at resonance is dissi-
pated inside the cavity. For Pin = 100 µW, we obtain the
energy stored in the resonator (approximately 10−13 J),
which corresponds to the amplitude of the MW electric
field at the fourth antinode EMW ≈ 10 V/cm [19]. Os-
cillations of σxx are clearly observed above 0.7 T for
ns = 2.8 × 107 cm−2. Oscillation amplitude strongly
increases with lowering electron density.
It is important that we completely exclude the possibil-
ity that the observed magnetooscillations originate from
MW-induced electron transitions to the first excited sur-
face subband [10, 11] or from transitions between higher
excited subbands [20]. For the first case, transitions ap-
pear only when the MW frequency matches the inter-
subband transition frequency ω2,1, which can be Stark-
tuned by the electric (pressing) field applied normal to
the surface. For electrons on liquid 4He, this frequency is
measured to be about 126 GHz at zero pressing field [21],
and it increases with the pressing field. Thus, in our ex-
periment, the frequency of MW is at least 38 GHz lower
than the transition frequency ω2,1. This is overwhelm-
ingly larger than the corresponding transition linewidth
which is about 10 MHz at T = 0.56 K [22]. Moreover, the
excitation of inter-subband resonance requires the verti-
cal component of EMW , which is significantly reduced
in the present setup due to employment of the TEM.
Finally, we find that the appearance of magnetoconduc-
tivity oscillations is independent of the applied pressing
field in the range at least 40 V/cm. This corresponds to
the upshift of inter-subband transition frequencies by at
least 30 GHz.
Figure 3 shows σxx versus ω/ωc for ns = 1.7 ×
107 cm−2, T = 0.56 K and several different values of
the incident power Pin. This graph proves that the ob-
served oscillations are periodic in ω/ωc and exhibit an
asymmetric shape in the vicinity of integer ω/ωc, simi-
lar to MIRO in GaAs/AlGaAs heterostructures (though
data reported in Ref. 2 differ from data of Refs.1, 3, 4).
At Pin = 100 µW, the amplitude of oscillations is about
50% of the ”dark” value of σxx.
The main oscillatory features shown in Figs. 2 and
3 are in qualitative accordance with the displacement
model of MIRO applied to SEs on liquid helium [15],
where the shape of oscillations is described by the deriva-
tive of a Gaussian function ∂G (ω −mωc) /∂ω broadened
due to interactions. When varying temperature between
0.35K and 0.56K, the amplitude of oscillations approx-
imately remains constant in spite of strong changes in
the electron-ripplon interaction (U2q ∝ T ), which also
agrees with the displacement model. Still, at maximum
power used here, the magnitude of oscillations given by
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FIG. 3: (color online) σxx versus ω/ωc for T = 0.56 K, ns =
1.7×107 cm−2 and different values of the incident MW power
Pin. For clarity, curves for Pin = 25 (dark blue) and 65 µW
(brown) are upshifted by 0.4 and 0.2 nS respectively.
the theory can reach the observed values only if Coulomb
interaction is disregarded. In this case, the width of
oscillatory features defined by the averaged broaden-
ing Γ0,m =
√
(Γ20 + Γ
2
m) /2 is substantially smaller than
in our data. Coulomb forces induce additional broad-
ening of the Gaussian Γ∗0,m =
√
Γ20,m + xqΓ
2
C , where
ΓC =
√
2E
(0)
f lB, xq = q
2l2B/2 and E
(0)
f ≃ 3
√
Tn
3/4
s is
the typical fluctuational electric field acting on an elec-
tron [23, 24]. This makes the width of oscillatory features
comparable to the experimental data. Naturally, the am-
plitude of oscillations diminishes and becomes an order
of magnitude smaller than that shown in Fig. 2.
Oscillatory features confined near ω/ωc = 2, 3, and 4
are well separated; between them σxx irregularly varies
near ”dark” values with an amplitude practically inde-
pendent of MW power. This distinguishes oscillations
observed here from MIRO in heterostructures, and indi-
cates the importance of Landau quantization for their ori-
gin. At low ns, the signal-to-noise ratio decreases due to a
weak current, therefore measurements at lower densities
which might result in observation of ZRS become very
challenging. Hear we didn’t study photo-conductivity
response near ω/ωc = 1 because under the CR condi-
tion already very low incident MW power causes strong
overheating of SEs which affects σxx.
Unfortunately, other theoretical mechanisms of MIRO
discussed in the literature (reviewed in Ref. 5) are devel-
oped for a degenerate gas of noninteracting electrons and
cannot be used for comparing with our data. Extensions
of these models applicable to a nondegenerate system of
strongly interacting electrons requires complicated stud-
4ies which cannot be presented in this work. In addition
to the displacement model, here we briefly discuss only
the extension of the inelastic model, because it is also
associated with photon-assisted scattering.
The SCBA theory [25] applied to electrons on liquid
helium interacting with ripplons defines the effective col-
lision frequency [15]
ν =
T
pi2nsMl4B
∑
n
rn,n
∫
dε
[
−∂f (ε)
∂ε
]
g2n (ε) , (1)
where f (ε) is the electron distribution function, −gn (ε)
is the imaginary part of the single-electron Green’s func-
tion which represents the Landau level density of states,
rn,n′ =
1
h¯T
∑
q
U2q xqJ
2
n,n′ (xq) , (2)
J2n,n′ (xq) is determined by
∣∣∣(e−iq·r)n,X,n′,X′
∣∣∣2 =
δX,X′+l2
B
qyJ
2
n,n′ (xq). In Eq.(1) the overlapping of dif-
ferent levels is neglected. For low levels, gn (ε) is well
described by a Gaussian function [26].
The MW field affects the electron distribution function
f (ε) ≃ fT (ε) + f˜ (ε), where fT (ε) ∝ e−ε/T , and f˜ (ε) is
a correction caused by photon-assisted scattering. If the
fraction of electrons excited to the level n′ = m(B) ≡
round (ω/ωc) is small, a simple rate equation yields
f˜ (ε) = λχ
4fT (ε− h¯ω) g0 (ε− h¯ω) r0,mT
h¯ν
(2r)
m
. (3)
Here λ = e2E2MW /4M
2
eω
4l2B, while χ depends only on
ω/ωc; (it approaches 2 if ω/ωc → ∞). The inelastic
relaxation rate ν
(2r)
m is caused by emission of pairs of
short wavelength ripplons [27] with 2ωr,q ≃ mωc. The
two-ripplon interaction is important only for iter-level
relaxation, while a quasi-uniform fluctuational field Ef
cannot lead to iter-level transitions if ΓC ≪ h¯ωc.
Eq. (3) determines f˜ only for ε near εm. For nonin-
teracting SEs, the shape of the ”imprint” of the ground
level density g0 (ε− h¯ω) is preserved because transitions
to higher levels occurs with h¯ωr,q ≪ Γn. The sharp max-
imum of g0 (ε− h¯ω) is the origin of sign-changing terms
in Eq. (1). The new integrand factor g0 (ε− h¯ω) g2n (ε)
selects levels nearest to the condition εn − ε0 = h¯ω.
A fast drift velocity uf of the electron orbit center in
the fluctuational field Ef leads to an inelastic correc-
tion in the energy conservation h¯q · uf ≃ eEf (X ′ −X),
and averaging over Ef results in additional broadening
(x
1/2
q ΓC) of the maximum of f˜ (ε). Since backward tran-
sitions caused by two-ripplon emission are strongly in-
elastic (2ωr,q ∼ mωc ≫ Γ), we assume that at the ground
level f˜ (ε) is smoothed out and can be neglected for low
excitations.
In the inelastic model, the shape of σxx variations
is also described by the derivative of Gaussian func-
tions ∂G (ω −mωc) /∂ω broadened (slightly differently)
due to interactions. As compared to the displacement
model, these variations has an additional large factor√
pirm,mT/ν
(2r)
m
√
Γ2m + xqΓ
2
C . The result of calculations
performed for ns = 1.7 × 107 cm−2, T = 0.56 K, and
EMW = 2 V/cm is shown in Fig. 2 by the dashed
line. For high B, oscillatory features are confined near
ω/ωc = m which agrees with our data. At low B, the
broadening of terms with different m increases and they
start overlapping. Then, the minima of σxx approach the
condition ω/ωc (B)→ m+1/4. This also agrees with po-
sitions of minima at large m shown in Fig. 3.
It should be noted that the theoretical curve shown
in Fig. 2 is obtained for a smaller amplitude of the MW
field EMW = 2 V/cm than that estimated for our data.
If we include two-ripplon relaxation over intermediate
levels (n < m), approximately the same amplitude of
oscillatory features is found at EMW = 3 V/cm. At
EMW ∼ 10 V/cm, the assumption of small excitation
used above fails, and power saturation becomes impor-
tant. One can conclude that power saturation should
restrict the amplitude of oscillatory features especially
those confined near small m. This explains rather weak
power dependence of the amplitude of oscillations which
follows from Fig. 3. Also, one cannot exclude that small
nonuniformity of Ef can give an additional contribution
to the inelastic relaxation rate reducing f˜ . Still, experi-
mental estimation of the inelastic relaxation rate of SEs
heated by the CR [28] agrees with the result of the theory
of two-ripplon relaxation used in Eq. (3).
In summary, for the first time in the nondegenerate 2D
system of strongly interacting electrons on liquid helium
we observed MW-induced dc magnetoconductivity oscil-
lations governed by the ratio ω/ωc which are similar to
those discovered in heterostructures. This proves the uni-
versality of the effect of MIRO, and potentially could help
with identification of its origin. A new feature observed
for high magnetic fields is that oscillatory variations are
strongly confined near ω/ωc = 2, 3, and 4; positions of
minima are not fixed to ”magic” numbers m+1/4 which
is in contrast with data obtained for GaAs/AlGaAs [2].
We report also a new many-electron effect: the ampli-
tude of oscillations observed increases strongly with low-
ering electron density, which is in agreement with the
many-electron treatment of photon-assisted scattering.
Preliminary analysis shows that the observation can be
explained by an oscillatory correction to the electron dis-
tribution function caused by photon-assisted scattering
(inelastic model) affected by strong internal forces.
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